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NOTATION

Q .Quality factor

fn Natural frequency

Af Width of the resonance curve at half the maximum
amplitude

Wave length of sound
c Velocity of sound

E Modulus of elasticity

P Density

q Fatigue notch sensitivity

Kf Ratio of unnotched fatigue strength to notched
fatigue strength

K Theoretical stress concentration factor
t
max Maximum strain

Maximum amplitudemax

a Stress amplitudea

S Strain energye

a True stress

S True plastic strainp

n Strain hardening exponent

ef True ultimate fracture strain

Of True ultimate fracture stress

ao' Auxiliary true ultimate fracture stress

AJ
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SUMMARY

Recent experiments (1,2) have shown that the plastic strain

energy (as given by the area of the stress-str!in diagram ob-

tained from a simple tensile test) is at present the most sig-

nificant criterion for cavitation damage resistance of metals.

Since the strain rates involved in the cavitation damage process

were several orders of magnitude higher than that in a simple

V tensile test from which the strain energy was derived, the above

result is surprising.

In order to confirm the preceding result, high frequency

fatigue tests at 14.2 kcs (at the same frequency used for cavi-

tation damage tests) were conducted foi. five metals. Recently

Morrow (3) used plastic strain energy as a criterion for finite

fatigue life and derived a relationship connecting stress to

fracture and number of cycles to fracture by making use of true

ultimate tensile strength and the strain hardening exponent.

He showed reasonable correlation with forty sets of data. Good

correlation is also obtained with the present experiments and

Morrow's theory if the strain hardening exponent is reduced by

about fifteen percent for all the five metals. This result

confirms that plastic strain energy is a good criterion even at

high strain rates.

Another result revealed by the present study is the influ-

ence of corrosion. Recently (7) it was shown that cavitation

damage in a corrosive environment increases greatly while the

contributions from direct electrochemical corrosion could not

A
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account for this great increase. It was postulated that the in-

creased damage must come principally from the deterioration of

the strength due to corrosion fatigue, but there were serious

doubts whether corrosion could play any significant role at

these high frequencies. Present experiments show that fatigue

strength can be reduced significantly for SAE 1020 steel in

3 percent NaCl solution even at high frequencies, thus con-

firming the earlier speculations.

INTRODUCTION

Recent attempts to characterize the cavitation damage re-

sistance of metals by a common mechanical property have shown

that the most significant correlation could be established with

the strain energy of the material in the steady state zone

(1,2). This strain energy is given by the fracture energy per

unit volume of the metal as obtained from the area of the stress-

strain diagram from a simple tensile test. The cavitation dam-

age process takes place at strain rates several orders of mag-

nitude higher than the simple tensile test which gives the

fracture energy at relatively low strain rates. It seemed

surprising that the fracture energy at such low strain rates

could still represent the energy absorbing capacity of metals

under the highly transient stresses produced by the cavitation

bubble collapse. Some experimental verification was needed to

clarify the strain rate effects on fracture energy of metals in

order to explain these results.
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During these studies the thought provoking investigations

of Morrow (3) using plastic strain energy as a criterion for

finite fatigue life came to the attention of the author.

Morrow successfully related the plastic strain energy per cycle

to the static true strain energy for forty sets of data includ-

ing carbon steels, alloy steels, nickel based alloys, various

aluminum alloys, beryllium and brass. This prompted the pres-

ent investigations in which the fatigue tests at a frequency of

14 kcs were conducted following the pioneering work of Gaines (4),

Mason (5) and Neppiras (6). Morrow's analysis was extended to

the high frequency fatigue tests to see how much the strain rate

effects interact and modify the analysis. As a result of this

analysis, it has been found that a good correlation between the

theory and experiments can be obtained if the value of the

strain hardening exponents are reduced by 15 percent from the

static result. This shows that the strain rate effects are

relatively small when energy is used as a criterion for the

fracture mechanism.

Another important aspect clarified by these investigations

is the interaction of the corrosive environment on cavitation

damage. It has been observed tiat tne damage rates in a cor-
rosive environment are much higher than those observed in a

relatively non-corrosive environment (7). The electrochemical

corrosion estimated by four different methods could not account

for this increase in rate of damage. On the babis of these

findings, it was postulated that the major contribution to the

increase of rate of damage in a corrosive environment should
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come mainly from the change in the fatigue properties of the ma-

terial in that corrosive environment. However, a popular point

of view has hypothesized that under cavitation conditions the

surface material was being removed so rapidly that- there was in-

sufficient time for appreciable corrosive weakening of the sur-

face. The present investigations include the test results for

one metal (1020 SAE steel) in 3 percent NaCl solution and these

results show that fatigue properties of non-resistant metal in

a corrosive environment can be drastically changed even under

very high frequencies.

EXPERIMENTAL APPARATUS

The experimental technique adopted for the present investi-

gations consists of oscillating a metallic rod at its resonant

longitudinal frequency. This frequency was selected to be the

same as that used for previous cavitation damage tests. This

technique enables the utilization of the magnetostriction ap-

paratus used previously for cavitation damage tests. Gaines (4)

who introduced the idea of using magnetostriction oscillators

for cavitation damage testing also suggested the use of the same

equipment for fatigue testing as well. He, in fact, carried out

a few fatigue tests in his apparatus. However, this technique

did not gain popularity until Mason (5) and Neppiras (6) suc-

cessfully used exponential and stepped velocity transformers,

thereby making the technique more versatile, because high strains

can be produced on any metal with moderate power. A detailed

discussion of the various aspects involved in this method is

given by Neppiras (6, 8).
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In essence, the apparatus consists of a magnetostriction

transducer, an oscillator, an amplifier, a power supply, a

.voie coil, an oscilloscope and a frequency counter (Figure 1).

An exponential velocity transformer is attached to the magneto-

striction nickel transducer stack. The characteristics of the

entire system are shown in Figure 2 for three resonant frequen-

p cies. The resonant frequency of the system can be varied by

varying the length of that portion of the velocity transformerI from the nodal support to the free end by means of extension

rods. The amplitude is monitored by a suitable voltage pick-

up cuil located approximately midway between the node and the

antinode. A permanent magnet is used in the immediate vicin-

ity of the coil to increase the induced voltage. This induced

voltage is proportional to the displacement amplitude and the

instrument is calibrated by measuring the displacement at the

antinode with a filar microscope. The accuracy of these mea-

surements is discussed later.

A detailed study of the transducer system showed that the

best quality factor was obtained at 14.2 kcs and hence this

frequency was selected for fatigue tests. The quality factor

is defined as the ratio of usable energy stored in the system

to the total input energy and is given by (9),

f
1 /3 n [i
ir Af

where f is the resonant frequency and Af is the width of the

In cnresonant curve at half of the maximum amplitude.
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DESIGN OF TEST. SPECIMENS

General Aspects

The basic principle of the design of the high frequency

fatigue specimens is as follows: When a longitudinal vibra-

tion of a half wave length of a metallic rod is produced by

means of an oscillator, the maximum strain is produced at the

node while the maximum velocity and displacement are produced

at the antinodes at either end of the rod (Figure 3). If a

notch is produced at the node, then the strain is further ampli-

fied at the node. It is necessary to amplify the strains by

means of a notch because of the power limitations of the driv-

ing oscillator. There are two other unwanted side effects due

to this notch, namely: (i) the fatigue notch sensitivity and

(ii) the change in resonant frequency. These two effects will

be discussed subsequently.

The main idea is to attach a half wave 'Length of the me-

tallic rod to the free end of the exponential horn and to vi-

brate it at the best frequency selected from considerationj of

the quality factor. The half wave length can be experimentally

determined by adjusting the rod length to resonate at the best

frequency. An accurate determination of this length and fre-

quency will give the value of velocity of sound for each of the

metals tested by the relationship

S= c E 23

I
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where

X is the wave length,

f is the resonant frequency, and

c is the velocity of sound.

The modulus of elasticity also can be calculated after deter-

mining the density of the metals by thevooiron~tonal,-ater-dis-

placement method, by

E = po' [3]

where

E is the modulus of elasticity

p is the density of the metal.

Table I. gives the physical properties thus determined for each

of the six metals under investigation.

Notch Sensitivity

As pointed out earlier, a notch was provided at the node

to induce the required strains. It is known that Ls '-,ae is

sensitive to notches depending upon the geometry of the notches.

This effect is characterized by a factor q known as notch

sensitivity

Kf E 4I

Kt -

I
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where

K . un-notched fatigue strength andf notched fatigue strength a

Kt = the theoretical stress concentration factor.

Experimental information on n as a i2unction of notch radius is

available for steels and aluminum alloys in References 10 and

11. The notch radius was selected so that q would be as close

to unity as possible. The same notch radius was adopted for

both Tobin Bronze and Monel since no experimental data were

readily available for these metals. Next, the theoretical

stress concentration factors for round bars may be found from

Reference 12. The dimensions of the notch selected are shown

in Figure 4(a). A photograph of the 1020 SAE steel specimen

is shown in Figure 4(b).

The stresses are calculated as follows: The maximum strain

at the node for a uniform rod in sinusoidal vibration is given

by

2 9 maxmax = £53

where 9max is the maximum amplitude. The stress amplitude Oa

is given by

7a -€max E £63



HYDRcNAUTICS, Incorporated

-9-

For the present design, the theoretical stress concentration

factor from Reference 12 is 1.65 and the area ratio is 4.

Hence the magnification factor, M is 4 times 1.65 and the stress

amplitude is given by

2ir

aa = 6.6 2--ma." E 173

Effect of Notch on Resonant Frequency

Another effect of the notch is to lower the resonant fre-

quency slightly. This can be rectified by reducing the length

of the fatigue specimen after a few trial and error experiments.

This modified length can also be predicted by an approximate

theory following Neppiras (6). However,the change in wave

length due to the notch remains within 10 percent as shown in

Table 1 and this can be taken into account in the calculation

of stresses.

EXPERIMENTAL PROCEDURE AND ACCURACY

Amplitude Measurement and Determination of Maximum Stress

As pointed out earlier, the maximum amplitude at the anti-

node where the fatigue specimen is attached is monitored by

means of a calibrated voice coil located as shown in Figure 1.

Since the fatigue specimen forms a half wave length, its ad-

dition does not change either the frequency or the calibration.

The voltage developed by the coil was of the order of 35 volts,

corresponding to an amplitude of 2.5 x lO-s inch and hence
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For the present design, the theoretical stress concentration

factor from Reference 12 is 1.65 and the area ratio is 4.

Hence the magnification factor, M is 4 times 1.65 and the stress

amplitude is given by

aa = 6.6 gmax" *E 17]

Effect of Notch on Resonant Frequency

Another effect of the notch is to lower the resonant fre-

quency slightly. This can be rectified by reducing the length

of the fatigue specimen after a few trial and error experiments.

This modified length can also be predicted by an approximate

theory following Neppiras (6). Howeverthe change in wave

length due to the notch remains within 10 percent as shown in

Table 1 and this can be taken into account in the calculation

of stresses.

EXPERIMENTAL PROCEDURE AND ACCURACY

Amplitude Measurement and Determination of Maximum Stress

As pointed out earlier, the maximum amplitude at the anti-

node where the fatigue specimen is attached is monitored by

means of a calibrated voice coil located as shown in Figure 1.

Since the fatigue specimen forms a half wave length, its ad-

dition does not change either the frequency or the calibration.
STlhe voltage developed by the coil was of the order of 35 volts,

corresponding to an amplitude of 2.5 X l0-s inch and hence
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* maintain constant amplitude. (An automatic amplitude control has

been designed for future studies). The determination of this

fracture time is no problem especially above ten million cycles

since it would take about 12 minutes to reach this value. It

would take 20 hours to reach a billion cycles and this time is

designated as "run-out" time. (Run-out is defined as the number

of cycles at which the test .±s dlisontinued.-even if the Specimen

does not fracture).

Fabrication of Test Pieces

Figure 4(a) shows the dimensional tolerances required for

the fabrication of the specimens. The specimens were ground to) the final dimensions from a 3/4 inch round bar stock for all

t the five metals except for SAE 1020 steel. The specimens were

in the annealed condition and of the same heat as was used for

previous cavitation damage tests and stress-strain measurements.

Cavitation damage specimens and tensile test specimens were pre-( pared from the same bar stock of the metals. The fatigue speci-

mens for SAE 1020 steel were prepared from 1/2 inch round bar

stock; however, the cavitation damage and tensile test data

were not available for the same heat.

As soon as these specimens were machined they were coated

with a corrosion protective film * and stored. This film was

removed with methanol before each test. For this initial limited

program, only ten specimens were tested for each metal except

for SAE 1020 steel for which about 30 specimens were used,

* Zip Spray No. 2 by Zip Abrasive Company of Cleveland, Ohio.
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ooling and Environmental Control

Without outside cooling, the fatigue specimens become ex-

cessively hot near the node due to the high dynamic strains.

To.dvoid this unwanted heating, a constant temperature, close

to atmospheric temperature, was maintained by immersing the

specimen in a constant temperature bath. This bath provided

simultaneously the corrosive or non-corrosive environment as

required. For the present experiments, 6he fatigue specimens

were immersed in a beaker full of either distilled water or

methanol, which was kept at constant temperature *2°F. by means
of another cooling Jacket through which tap water was circula-

ted. For one set of experiments with SAE 1020 steel, 3 percent

NaCi solution was used as the environmental bath to provide the
corrosive environment. This arrangement is shown in Figure 6.

RESULTS AND ANALYSIS

Results

Figure 7 shows the results of these tests for five metals,

namely:

(a) 1100-F Aluminum

(b) 2024-T4 Aluminum

(c) Tobin Bronze

(d) Monel

(e) 316 Stainless Steel.

The dark circles show the results of tests in methanol, whereag

all the other tests were conducted in distilled water. These

results show the negligible effect of corrosion by distilled water.

A
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Analysis,

As pointed out in the introduction, the main aim of these

investigations is to obtain a quantitative insight into the

strain rate effects on the fracture energy of these metals. The

following analysis, originally due to Morrow (3), has been quite

useful for this purpose.

Brief review of Morrow's Theory: The following important

assumptions are made in this theory.

1. Plastic strain energy is a criterion for finite

fatigue life.

2. The total plastic strain energy to fracture in-
Ii creases as the alternating stress isr reduced in

a completely reversed fatigue test. Specifically,

it has been assumed that this quantity is inversely

proportional to the fourth power of the alternating

stress.

3. The plastic strain energy per cycle can be related

to the static true stress-strain curve.

The theoretical Justifications, the experimental verification

and the limitations of these assumptions are discussed in detail

by Morrow in his original paper. The derivation of the essential

equations will be touched upon only briefly in this report.
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The plastic strain energy up-to fracture per unit volume

is given by

S fadc [83

0

and
n

a p ,93

where a is the true stress corresponding to a true plastic

strain of e (see Figure 8), and n is the strain hardeningp
exponent.

Now
n

f ( 10)

where af' is the true fracture stress corresponding to the frac-

ture strain f In some materials, deviation from linearity in

a log-log plot of true stress versus true strain occurs past

necking (probably due to the triaxial stresses present in the

necked region). For this reason, af' has been defined as the

stress obtained by extrapolating the straight line region as

shown in Figure 8(b) to the strain at fracture. The experimen-

tally measured value would be af.

Substituting Equation [10] in [83 and integrating gives

Se 1 + n 'f 1
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Similarly the plastic strain energy, or the work done per cycle

6i is

p
Aw=2 a d•d

2 a a [12]
1+n p

Assuming that Aw remains constant for the entire test at a given

stress level, the work done up to fracture Wf is given by

Nf w = W f [133

The dependence of W on 0a was evaluated by a combination of a

dimensional analysis due to Liu (13) and the Griffith crack

theory. There is a region of plastic deformation around each

crack. Assuming these regions are geometrically similar, the

stored plastic energy will depend upon the square of the crack

length.

Thus

Invoking Griffith's theory,

Ldn - constant 1153
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and hence

Lt [£16)

Combining Equations [14] and [16), one gets

Hence

a a E 18)
of,' 3

!

Combining Equations [11], [12), £13) and [18], one obtains

1

tc
(%)n 20)

Now from £19) and £203
n

1 + 5n
ca o N: 

1
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In logarithmic form

S n
io•~ mai=og f -1 + 5n log (2Nf) [22)

Morrow found this analysis for completely reversed, constant

amplitude uniaxial fatigue to agree with the trends in fort* sets

of fatigue data of metals.

The above analysis was used to check the experimental data

of the present high frequency fatigue tests. The values of a

and n as obtained from true stress-strain diagrams for these

five metals are shown in Table 2. It was found that Equation [22)

fits the experimental data for all of the five metals tested, if

the value of n ued in Equation [22] is fifteen percent less than

the actual values as obtained from tests. A comparison between

the curves predicted from the above analysis using 85 percent ofI the value of n and the experimental data are shown in Figure 9.

This agreement shows that the high strain rates involved in the

present testing method has not substantially changed the plastic

energy required to fracture the metal in fatigue, This conclu-

sion is very significant in explaining why the strain energy

gives the most significant correlation with cavitation damage

resistance.

Influence of Corrosion

One of the serious limitations to the above analysis is the

influence of corrosive environment. It is known that cavitation

damage is greatly increased in a corrosive liquid. For a typical
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case of NaCM solutions and SAE 1020 steel, this relationship is

reproduced from Reference 7 in Figure 10. It was pointed out

in that reference that the estimated electrochemical corrosion

could not account for the large increase in damage and there-

fore the fatigue strength of the metal must have deteriorated

due to corrosion. There were some doubts as to whether the

fatigue strength could be affected so greatly under such high

frequencies. To clarify this point, a few experiments were

conducted-using SAE 1020 steel. Figure 11 shows the results

with methanol, distilled water, and 3 percent NaCl solution as

liquid environments. One can easily notice the detrimental ef-

fect of corrosion on the fatigue strength of steel even at this

high frequency.

An analysis similar to the one above gives the following

equation for this steel in a non-corrosive environment.

log oa = log 1.25 x ld -1 0.07 log 2N [23]
1# 5 X 0.07 f

The effect of corrosion can be represented quantitatively by

means of the following equation.

log a - log off log 2Nf - CNf C243
a ogo~1 l5n fi2J

where C is an empirical corrosion fatigue factor. For the pres-

ent results, n turns out to be 4 X 10"10 as shown in Figure 12.

It is believed that a deeper understanding of this corrosion

factor C would eventually lead to a quantitative representation

of corrosive interaction in cavitation damage.

4-A
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CONCLUSIONS

Based on the results of these investigations, the follow-

Ing conclusions may be stated.

1. The plastic strain energy correlation found to be suc-

cessful to represent cavitation damage and low frequency fatigue,

can equally be used for correlating high frequency data. This

result shows that strain rate effects may not introduce devia-

tions greater than 10 to 20 percent in the strain hardening ex-

ponent. This result is significant in explaining the correla-
tions obtained with cavitation damage (1, 2).

2. Fatigue strength of non-resistant metals in a corrosive

environment can be significantly changed even under high fre-

quencies. This tends to explain the earlier findings with regard

to the very high increase in cavitation erosion in a corrosive

liquid (7).
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TABLE 2

The Values Of af And n-For The Five Metals Analyzed

Metal af n 85% n Strain Energy
Kips S e in Kips

316 Stainless Steel 120 0.10 0.085 35

Monel 110 0.08 0.068 24

Tobin Bronze 83 0.10 0.85 17

2024-T4 Aluminum 81 0.13 0.11 13

1100-F Aluminum 26 0.07 0.06 4

I!
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